The sequence specificity of an extensively purified DNA methylase preparation from Krebs II mouse ascites cells has been examined. The enzyme appears to be highly sequence dependent. Moreover the sequence distribution of cytosine residues that are methylated, bears a very close resemblance to the sequence distribution of 5'-methyl cytosine found in vivo in a wide range of vertebrate cells and is consistent with methylation of cytosines in the sequence R-Yn-C-R.
INTRODUCTION
In the preceding paper the sequence specificity of nuclear DNA methylation in a number of vertebrate cell lines was partially characterised.
The remarkable constancy of the pattern of methylation regardless of the total 5-methyl aytosine content of the nuclear DNA suggested that differences in the 5-methyl cytosine content of a number of cells might be due to modulation of the activity of a single DNA methylase rather than the action of a spectrum of DNA methylases. Additionally although a considerable effort has been made towards understanding the mode of action of purified 2-9 DNA methylase preparations in the last few years it is not known whether the enzyme activity isolated represents the only DNA methylase activity present in the cell or is the result of preferential selection of only one or a few enzymes (it is known that some bacterial cells for instance contain more than one restriction/modification system ). The deoxynucleotide sequence specificity of an extensively purified Q DNA methylase preparation from Krebs II mouse ascites cells has now been examined.
MATERIALS ft METHODS
The partial purification of the Krebs II ascites DNA Q methylase was as previously described. Methylation of DNA in vitro: in order that the amount of DNA available for fingerprinting be kept to a suitable level (less than 50 |ig total) the incubation conditions for methylation of exogenous DNA were modified as follows:
The assay mixture (140 p.1 contained 40 ug DNA (quadruplicate samples of denatured E.coli DNA and duplicate samples of native calf thymus DNA were used), 3.3 uCi Sadenoayl-L(methyl-H) methionine and 100 ul of buffered enzyme solution (final concentrations were: 7.15x10 M dithiothreitol and EDTA, 7.2# glycerol, 3.6xlO~5M tris-HCl (pH 7.8), 2.36xl0~^M S-adenosyl-L-methionine and 16 jig enzyme protein. After a one hour incubation at 37°C the reaction was stopped by adding 2 ml of a solution of 1$ SDS, 2mM EDTA, 3# 4-amino-salicylic acid, 5# butanol, 0.5M NaCl. The mixture was extracted with phenol (88#), m-cresol (12$), 8-hydroxyquinoline (0.1#), and then alkali (0.1M NaOH) treated for 48 hours at room temperature. The product was neutralised with HC1 and made 0.1M with respect to sodium phosphate buffer pH 6.8. This was then desalted through G-25 sephadex. 70,000 cpm of 52 PO. labelled BHK-21/PyY DNA (ca.
5 p.g prepared as before ) was added and the DNA depurinated and fingerprinted as before.
(The addition of J PO, labelled DNA allows location of the oligonucleotides by autoradiography). RESULTS ft DISCUSSION During the purification of DNA methylases from mammalian cells it is possible that DNA methylases specific for certain DNA sequences might be isolated at the expense of others: thus for example in normal nuclear DNA,cytosines in sequences such as R-C-R, R-T-C-R, or R-T-C-C-R are normally methylated '' but in the process of enzyme purification where the maximisation of enzyme specific activity is the main aim it is possible that a DNA methylase, e.g. one specifically methylating the sequence R-T-C-C-R might be selectively isolated. An assay, however, for those DNA sequences actually methylated by the isolated enzyme would determine whether such selective purification had occurred.
Accordingly single stranded E.coli was used as a substrate for the Krebs II ascites cell DNA methylase preparation (about 400-fold purified) using S-adenosyl-L-[ H-Me] methionine as donor of methyl groups. The product was depurinated to release pyrimidine tracts which were subjected to fingerprinting (Materials and Methods). Table 1 shows the observed distribution of 5-methyl Methylation relative to 5-methyl cytosine content of the monopyrimldines aa 100. The figurea given are averages from four fingerprints.
The range la given in parentheses.
Predicted distribution of cytosine in the oligonucleotides calculated on the basis that E.coli DNA contains equimolax quantities of the four bases and that these bases are arranged randomly(ref. 13 ).
Abbreviations Y, pyrimidine; R, purine -the d(deoxy) prefix has been omitted. groups introduced into cytoeines of the pyrimidine tracts of E.coli DNA by the isolated enzyme. Also shown is the distribution expected if the MA methylase had methylated cytosines occurring at random (third column), or in the general sequence B-Yn-C-E (fourth column). Table 2 shows the results of a similar experiment where native calf thymus DNA was used as methyl acceptor.
Whilst it would require a more detailed sequence analysis of the distribution of 5-methyl cytosine in DNA methylated in vitro to determine whether methylation has indeed Predicted distribution of cytoaine in the oligonucleotides calculated on the basis that calf thymus DNA has a G+C content of 40^ and that the bases are arranged randomly (aa the resulta are expressed relative to cytosine in the raonopyrlmidine fraction the known deficiency of the doublet 5'C-pG In eukaryotlc DNA (ref. 15 ) will have no effect on the calculation).
occurred at the 3' termini of pyrimidine tracts the pattern of cytoaine methylation obtained does bear a remarkable resemblance to that predicted if methylation has occurred in the sequence H-Yn-C-R. This observation is of interest not only because it demonstrates that a 400-fold purified mammalian DNA methylase preparation is sequence specific in its mode of action on an exogenous DNA substrate but also because the sequences containing the newly methylated cytosines are very similar to those vertebrate DNA sequences found to be methylated in vivo ' ' and which appear to be highly conserved in vertebrate evolution. Because of the nature of the analysis carried out here we are not able to confirm the nature of the purine on the 3'-side of the pyrimidine tract and so we cannot exclude the possibility that there may be a number of enzymes methylating sequences such as R-Yn-C-G-R or R-Yn-C-A-R. This situation can probably be excluded for the following reason. It has been shown previously that when mouse Q fibroblasts (1-929 strain) are starved of L-methionine there is a resulting deficiency of 5-methyl cytosine in their DNA. However if this 'deficient' DNA is offered as substrate for the Krebs II cell DNA methylase preparation used in the present study the level of 5-methyl cytosine can be restored to the normal level (i.e. 2.9$ of cytosines as 5-methyl cytosine).
If the enzyme preparation that was used contained only a selection of the DNA methylases normally present in the Krebs II cell then complete restoration of the 5-methyl cytosine level would be unlikely to occur. Thus the DNA methylase preparation used in this study probably represents the only DNA methylase present in Krebs II cell nuclei. It is of course still possible that the purification procedures so far used have not yet been capable of resolving a number of extremely similar DNA methylases. Additionally our data are insufficient to comment on the presence or otherwise of associated regulatory subunits.
If it is correct that the bulk of methylation occurs in the sequence m C-Gp ' then the data presented here do not appear to indicate any specificity either immediately 5' or 3' of this doublet. It might, therefore, be supposed that the C-G doublet alone is the Bole determinant of methylation.
On the other hand attempts using the purified enzyme to methylate artificial templates containing large amounts of this doublet result in low levels of methylation inconsis-7 8 17 tent with this conclusion • ' . This result suggests that the sequence specifying cytosine methylation is more complex.
We have attempted to saturate single stranded E.coli DNA with methyl groups using the partially purified enzyme. Despite several additions of fresh enzyme we failed to reach a plateau of incorporation after 72 h of incubation. The maximum incorporation achieved corresponds to the production of one 5-methyl cytosine per 230 bases. Roy n & Weissbach using single stranded DNA from M.luteus achieved an incorporation of 1 methyl group per 116 bases (from their Figure 2 it is apparent that they also failed to saturate single stranded DNA). Assuming a random distribution of bases in these DNAs it is possible to calculate that the recognition site is approximately 4 nucleotides in length (but not necessarily a continuous tetranucleotide). However, in view of the failure to achieve saturation this figure represents an upper limit. A point worth mentioning is that single stranded DNA is presumably not the natural substrate for the enzyme which acts on the daughter strand of a DNA duplex already containing 5-methyl cytosines in the parental strand.
These parental strand methyl groups could form a part of the natural recognition signal and this might also explain why unmethylated double stranded (dC-dG)n*(dC-dG)n copolymer is a poor substrate for the enzyme.
In conclusion we have reason to believe that this enzyme is able to select cytosines in what appears to be the same nucleotide sequence both in single stranded E.coli DNA, and in the natural 'hemimethylated 1 vertebrate DNA. It seems to us on the basis of previous literature ' ' and the above sequence data likely Interpretation is that the enzyme depends on the presence of some specific recognition sequence before methylating a cytosine with a guanine on its 3'-side.
